[111] ordered common atom strained layer superlattices (in particular the common anion GaSb/InSb system and the common cation InAs/InSb system) are investigated using the ab initio full potential linearized augmented plane wave (FLAPW) method. We have focused our attention on the potential line-up at the two sides of the homopolar isovalent heterojunctions considered, and in particular on its dependence on the strain conditions and on the strain induced electric fields. We propose a procedure to locate the interface plane where the band alignment could be evaluated; furthermore, we suggest that the polarization charges, due to piezoelectric effects, are approximately confined to a narrow region close to the interface and do not affect the potential discontinuity. We find that the interface contribution to the valence band offset is substantially unaffected by strain conditions, whereas the total band line-up is highly tunable, as a function of the strain conditions. Finally, 1 we compare our results with those obtained for [001] heterojunctions, 73.20.D, 77.84, 73.20.A 
As is well known, the opportunity of tuning the potential line-up as a function of the strain has a relevant technological importance and thus has been the subject of many recent experimental and theoretical works. [1] [2] [3] [4] [5] [6] However, most of them focused on CuAu-like strained [111] ordered) systems begun to be investigated 9, 10 and the way the charge readjustment occurs at the interface is still far from being clear, mostly due to the non-trivial electrostatics involved.
Although both the [001] and [111] directions are polar (the [110] is non-polar), there
are important differences between interfaces oriented along these two crystallographic axes.
First of all, the particular geometry for the [111] superlattice leads to two inequivalent interfaces: 11 consider the structure for the (GaSb) 3 /(InSb) 3 superlattice shown in Fig. 1 (note that the common cation case has the same structure, except for the atomic species involved). According to convention, we have placed the interface planes π c (π s ) at the center (sides) of the interface InSb (GaSb) axial bond (as shown in Fig. 1 ). Observe that the interface Sb is coordinated with three Ga atoms and one In atom in one interface (π c in Fig. 1 ), and with three In atoms and one Ga atom in the other (π s in Fig. 1 ). Thus, we could have, in principle, two different valence band offsets and charge accumulations (σ) at the interface planes π c and π s , namely σ c = −σ s , because of charge neutrality requirements.
11
Incidentally, we note that this is not the case for the [001] ordered systems, where the bond directions and the atomic coordinations result in exactly equivalent interfaces at the center and at the sides of the unit cell.
Furthermore, since the semiconductor constituents (with zincblende structure) are piezoelectric materials, 12,13 a uniaxial strain along the [111] direction leads to a strain induced piezoelectric polarization P s . 10, 14, 15 Following the notation of Ref. 15 , we obtain:
where γ 14 is the piezoelectric constant and ǫ 4 is the off-diagonal strain tensor element. As a function of the in-plane strain (ǫ ⊥ = a sub −aeq aeq , with a sub and a eq denoting the substrate and equilibrium bulk lattice constants, respectively) and within the linear regime, 15 the strain tensor component can be expressed as:
The piezoelectric effect can generate electric fields so that:
where P is the dielectric polarization and χ is the dielectric susceptibility. Note that for strained layer superlattices (SLs) with [001] growth axis, the strain tensor is diagonal, so that P s vanishes.
16
In this paper, we discuss results obtained for common-cation and common-anion strained layer superlattices grown along the [111] direction and discuss the effects of the strain induced polarization on the properties of the superlattices. In Sect. II we give some calculational details; in Sect. III and IV we briefly review the electrostatics involved; in Sect. V we discuss how charge redistributes at the interface and how the VBO can be evaluated. Finally, in
Sect. VI we summarize our conclusions.
II. STRUCTURAL AND TECHNICAL DETAILS
We have studied the SL systems (GaSb) 3 /(InSb) 3 and (InAs) 3 /(InSb) 3 with unit cells containing 12 atoms (as shown in Fig. 1 
III. STRAIN INDUCED ELECTRIC FIELDS
Since they are important quantities for determining valence band offsets, we report in 
IV. PIEZOELECTRICITY AND POLARIZATION CHARGES
As already pointed out, 16 [111] ordered strained SLs show electric fields, due to piezoelectricity. Thus, elementary electrostatics of dielectric media leads to the following relation between the macroscopic quantities in each semiconductor constituent (i):
Due to symmetry properties, the transverse (i.e. parallel to the interface) component of the piezoelectric polarization vector vanishes; thus, in the following, we will only consider the longitudinal (i.e. perpendicular to the interface) component of the electrostatic quantities involved.
The net charge accumulation at an ideal abrupt interface is related to the macroscopic polarizations in the two semiconductor constituents, through the following relation:
Since the perpendicular component D n is continuous across the interface, Eq. (4) gives:
so that Eq. (5) can be rewritten as:
In addition, from Eq. (5) and using Eq. (3), we obtain an equivalent expression for σ:
Note that, in the case of growth on a substrate equal to one of the constituent materials, only one side of the interface is strained and gives rise to a non-vanishing strain polarization P s . On the other hand, in the case of growth on an average substrate, P s is non-zero and will have opposite signs in the two different materials. In fact, the piezoelectric constants In order to test the validity of the above description, we have performed the double macroscopic average (ρ T ) 11,22 of the self consistent total (electrons + ions) charge density
for some of the cases considered. We have estimated the net interface charge accumulation from the following relation:
where the integration is performed between the two bulk regions (referring to Fig. 1 for the 3x3 case, between b 1 and b 2 ).
We must point out that the use of the symbol σ for the charge accumulation does not necessarily imply that this charge must have a surface-like distribution. In fact, the electrostatics used so far, holds for any volume distributed charge density. However, as will be discussed later, the charge distribution at the interface can be reasonably approximated as a planar charge.
Using Eq. (9) and Eq. (7), we can check the consistency of our results. In the (GaSb) 4 /(InSb) 4 SL grown on an average substrate, for example, we obtain σ SCF ≈ 2 x 10 −4 C/m 2 from Eq. (9). Using Eq. (7) The agreement between this value and σ SCF is within our numerical accuracy, which is estimated to be 1.8 · 10 −4 C/m 2 (considering the error bar on the electric fields) and shows the consistency of our calculations.
However, if one tries to estimate P The disagreement can be attributed to the use of bulk lattice constants for a region whose thickness is as small as a few monolayers and to the fact that the theoretical and experimental constants 13,12 used in Eq. (8) are not consistent with the present calculation, since the MTE structures considered do not properly take into account internal strain effects. Let us remark that the inconsistency between these values of σ and the one obtained ab-initio will not affect the evaluation of the VBO, as will be shown (see discussion below).
Furthermore, from the steeper slopes in Fig. 3 with respect to those in Fig. 2 , we observe that the magnitudes of the electric fields in the common cation systems are stronger than those in the common anion ones. Since Eq. (7) leads to a net charge accumulation proportional to the discontinuity of the electric fields, it is reasonable to expect a systematically smaller charge, σ, in the GaSb/InSb than in the InAs/InSb systems, as confirmed by our self-consistent results obtained from Eq. (9).
V. VALENCE BAND OFFSET
We recall that the potential line-up can be estimated following the procedure used in XPS experiments and widely adopted in all-electron calculations, 24,25 which takes core level binding energies as reference levels. According to this method, the VBO is obtained as follows:
Here ∆ b is an "interface" term (which denotes the core level energy difference between atoms in the two bulk regions, i.e. those denoted by "b 1 " and "b 2 " in Fig. 1 ) and ∆ E b is the so called "bulk" term and indicates the binding energy difference -with respect to the topmost valence level -between the same core levels in each semiconductor strained as in the heterojunction. This last term takes into account the effects of strain on the electronic band structure of each bulk material.
We must now note that the evaluation of the ∆ b term is usually done assuming that the bulk regions of the SL are thick enough so that the atoms taken as reference can be, by all means, considered as "bulk" atoms. This procedure implicitly requires that the ∆ b term must be evaluated in the limit of infinite distances from the interface, where the reference atoms are no longer influenced by the charge rearrangement at the interface.
It is now obvious that this same procedure cannot be used for the [111] oriented heterojunctions. The presence of electric fields, in fact, makes the ∆ b term vary with the distance from the interface, so that its evaluation in the limit of "bulk region" (i.e. infinitely far away from the interface) would result in an ill-defined ∆ b. Let us observe, by the way, that the same conceptual problem is present for procedures that use the electrostatic potential, rather than core levels, as reference energies for the evaluation of the VBO. 11 This problem has been usually overcome 9,26 by extrapolating graphically the linear behaviour of the potential (or the core level binding energy) in the two bulk regions to an "interface plane", π,
arbitrarily taken half-way along the interface bond, and evaluating the difference between their intercepts.
In the following, we illustrate a more rigorous procedure which will also be able to give a reasonable estimate of the related error bar.
A. Interface charge and evaluation of the VBO Let us first discuss how the charge is modified at the interface. We can split up this charge distribution as the sum of two different effects: (i) a charge accumulation σ, due to the piezoelectric effect combined with the boundary conditions, which is basically a monopole-like distribution and (ii) a charge depletion and accumulation at the two sides of the heterojunction, which is the usual dipole charge of the interface and is due to the different chemical nature and electronegativity of the constituents. The charge profile can thus be schematically represented as a symmetric monopole centered on some ideal interface plane π plus a dipole which is anti-symmetric with respect to π.
According to this scheme and following basic electrostatic arguments, we can now say that the monopole charge σ leads to a continuous potential across the interface plane. The limits for z → ∞ and z → −∞ of this potential must be the same, since the monopole contribution is symmetric with respect to the plane π. On the other hand, the dipole-like charge leads, in these same limits, to a potential discontinuity. Thus, we expect that the valence band offset (i.e. the potential discontinuity at the interface) is only determined by the usual dipole term and is not affected by the presence of the strain induced electric fields.
Note that the real total charge density macroscopic average profile (ρ T ) usually has a very complex shape, often changing its sign. Therefore, it is not possible to clearly establish where π really is. However, as a rough approximation, we can calculate the center of gravity of the positive (ρ T + (z)) and negative (ρ T − (z)) charges: Fig. 1. (9) . We may now assume that the interface region is confined between the two extremes z + and z − .
We are now able to calculate the ∆ b term appearing in Eq. (10) and therefore the VBO.
A reasonable estimate for the ∆ b term could then be obtained from the intercepts at z + and z − of the two straight lines which interpolate the core level energies. The difference of these two values can be taken as the error bar. We find, for the systems considered, that the values of z + and z − are, as expected, not symmetric with respect to the half-bond position (which is, in any case, within the (z + , z − ) interval), due to two different effects: (i) the strain, which modifies the bond lengths at the interface and (ii) the distribution and sign of the monopole term σ. In all the cases considered, z + and z − differ by as much as 2 a.u., which is to be compared with bond lengths along the z direction that are usually of the order of 5 a.u.. This estimate of the charge centers of gravity confines, with some precision, the "interface" to a quite localized region, which is even smaller than a bond length. Within this error, we may also say that the interface charge has a surface-like distribution. The Fig. 3 (a) (0.19 eV) . The small discrepancy (about 0.02 eV) is due to the electric fields which modify the core level binding energies and which were not taken properly into account in Ref. 5 .
As a last comment, we would like to come back to the structural choices considered.
In order to ascertain the dependence of the VBO on the internal strain (not considered within MTE), we calculated the VBO for superlattices having the experimental internal strain displacement: we found a change in the band line-up of less than 0.02 eV (which is well within our numerical accuracy).
B. Results and discussion
In Table I we report our results for the interface contribution ∆ b, the bulk contribution ∆ E b and the resulting band offset value ∆ E v . The superscripts (nr) and (r) indicate a semirelativistic and fully relativistic (i.e. spin-orbit coupling included with a perturbative approach) treatment of the valence levels, respectively. The final results for ∆ E v f in include a correction for quasi-particle effects that were omitted in our self-consistent calculations. In order to examine the effects of the ordering direction on these quantities of interest, we plot our Table I 
VI. CONCLUSIONS
We have presented results obtained from FLAPW calculations performed for [111] interfaces, in particular for GaSb/InSb and InAs/InSb heterojunctions. In order to examine the effects of the strain induced electric fields on the charge redistribution (and hence on the potential profile) near the heterojunction, we have proposed a simple scheme to locate the interface region. To a first approximation, we find that piezoelectric effects lead to a planar distribution of polarization charges, which doesn't affect the potential discontinuity. We have followed an extrapolation procedure to obtain the interface contribution to the VBO which is found to be almost independent of the strain conditions, but is strongly affected by the ordering direction. The total potential discontinuity is found to vary by as much as 0.8 eV for the GaSb/InSb and 0.9 eV for the InAs/InSb [111] interfaces, thus confirming strain as an additional degree of freedom to obtain "ad hoc" band offsets.
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